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Inhibition of copper corrosion in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) by two thiazole derivatives of 5-
(5'-methylfurfurylidene-2')-2,4-dioxotetrahydro-1,3-thiazole (MFDT) and 2-thiono-5-(4'-
ethoxybenzylidene)-4-oxotetrahydro-1,3-thiazole (TEBOT) was studied by weight loss and 
potentiostatic polarization measurements. Inhibition efficiency follows the order: TEBOT > MFDT. 
The adsorption of each inhibitor on copper surface obeys Bockris-Swinkels adsorption isotherm (X = 
1). Kinetic and thermodynamic parameters of corrosion processes were calculated and discussed.  
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1. INTRODUCTION 
Copper is one of the most important nonferrous materials [1], having favorable properties such 
as mechanical workability, electrical and thermal conductivity [2,3]. It is widely used in construction, 
chemical, electrical and electronic industries [4]. Although copper is resistant to the influence of 
atmosphere and many chemicals, it is known that it is susceptible to corrosion in aggressive 
environments. Among so many methods in the corrosion protection, the application of corrosion 
inhibitors is one of the most important [5]. The protection using inhibitors involves modification of the 
metal surface via adsorption of inhibitor molecules which form a protective layer [6]. Most of the 
corrosion inhibitors are heterocyclic organic compounds containing N, S or O atoms [7,8]. Molecules 
that, at the same time, contain N and S in their structures show excellent inhibition performance in 
comparison with those containing only N or S [9,10]. So far, different types of compounds have been 
investigated to act as copper inhibitors. Antonijevic and Petrovic [11] fully studied the copper 
corrosion inhibitors in order to find models that can enable prediction of possibilities of newly 
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synthesized compounds to act as corrosion inhibitors and serve as guidance for future research, 
combining theory and practical investigations of substances with similar structure.  
As an important kind of organic compound, thiazole derivatives whose molecules containing 
aromatic ring with both N and S atoms have desirable characteristics in inhibiting action. Apart from 
that, they exhibit several biological activities like antitumor and cytotoxic, anti-inflammatory, 
antimicrobial, antioxidant, antifungal, antitubercular, anticonvulsant and neuroprotective, diuretic, etc. 
[12]. Thiazole derivatives were investigated as inhibitors for corrosion of metals in the acidic or 
neutral media, such as zinc in HCl [13], aluminium alloy 2024 in neutral chloride solution [14], mild 
steel in formic, acetic acid solutions [15], and H2SO4 [16], copper in acidic Na2SO4 solution [17]. 
Obtained results showed that the thiazole-type compounds could be considered as effective potential 
inhibitors. However, a perusal of literature revealed that the use of them as inhibitors for copper 
corrosion in acidic media has been rarely reported.  
The purpose of this paper is to evaluate two thiazole derivatives, namely 5-(5'-
methylfurfurylidene-2')-2,4-dioxotetrahydro-1,3-thiazole (MFDT) and 2-thiono-5-(4'-
ethoxybenzylidene)-4-oxotetrahydro-1,3-thiazole (TEBOT), as corrosion inhibitors for copper in 0.1 
mol dm
-3
 Na2SO4 solution (pH 3). Weight loss and potentiostatic polarization measurements were used 
to investigate the inhibition efficiency of thiazole derivatives and the interaction mechanism between 
the inhibitors molecules and the copper surface. Effects of inhibitors concentration and temperature on 
the inhibitory behaviour of thiazoles were fully studied. The adsorption isotherm of inhibitors on 
copper surface and thermodynamic parameters were obtained and discussed in detail. Differences in 
inhibition performance of inhibitors were explained based on structural properties of investigated 
compounds.    
 
 
2. EXPERIMENTAL 
2.1. Materials 
Tests were performed with copper of 99.99 wt.% purity. The molecular structures of the 
studied compounds, MFDT and TEBOT, are shown in Fig. 1.  
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Figure 1. Molecular structures of two studied inhibitors. 
 
These compounds are poorly soluble in water, but have good solubility in ethanol. 
Accordingly, the stock solution (5.0 x 10
-4
 mol dm
-3
) was prepared by directly dissolving in ethanol, 
and then was diluted in 0.1 mol dm
-3
 Na2SO4 aqueous solutions containing 4% ethanol, by volume, for 
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solubility reasons. The concentration range of inhibitors was 1.0 x 10
-6–10.0 x 10-6 mol dm-3. The pH 
values were adjusted to 3 by the addition of 10% H2SO4, prepared by dilution of 98% H2SO4 with 
distilled water. The solution in the absence of inhibitors was taken as blank for comparison. All test 
solutions were prepared from analytical grade chemical reagents without further purification. For each 
experiment, a freshly prepared solution was used.  
 
2.2. Weight loss measurements 
The copper rectangular specimens of 6.0 cm x 1.3 cm x 0.2 cm were abraded by a series of SiC 
paper (up to 1200 grit), washed with distilled water, and dried at room temperature. After weighing by 
digital balance (accuracy: ±0.1 mg), the specimens were immersed in 400 ml of 0.1 mol dm-3 Na2SO4 
solutions (pH 3) without and with different concentrations of the inhibitors for 22 days at room 
temperature (25 ± 1 °C). All the investigated solutions were open to air. At the end of the tests, the 
specimens were taken out, washed with soft brush under running water to strip of the corrosion 
product, dried at room temperature, and weighed accurately again. Experiments were carried out in 
triplicate and the mean weight loss was reported. The maximum standard deviation in the observed 
weight loss was calculated to be ±5.0%. 
 
2.3. Polarization measurements 
Potentiostatic polarization measurements were conducted on a PGZ301 VoltaLab40 model 
potentiostat, controlled by a PC, supported by VoltaMaster4 software. Electrochemical experiments 
were carried out in the conventional three-electrode cell with a saturated calomel electrode (SCE) as 
the reference electrode, a platinum counter electrode and a copper working electrode. The copper 
electrode was in the form of disc, mounted into the epoxy resin to offer only one active flat surface 
exposed to the tested solution. The working surface area was 0.7 cm
2
, and prepared as described above 
(Section 2.2). The working electrode was first immersed into the test solution for 1 h to establish a 
steady state open circuit potential (Eocp). After measuring the Eocp, polarization curves were obtained 
with a scan rate of 10 mV min
-1
 in the potential range between ±300 mV relative to the Eocp. The tests 
were carried out at constant temperature of 15, 25, 35 and 45 °C (within ± 0.3 °C) by controlling the 
cell temperature using a water bath. All experiments were performed in atmospheric condition with 
stirring solutions.  
 
 
3. RESULTS AND DISCUSSION 
3.1. Effect of inhibitor concentration 
3.1.1. Weight loss measurements 
The inhibition effect of the investigated thiazole derivatives at different concentrations on the 
corrosion of copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) was studied by weight loss measurements 
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at 25 °C after 22 days immersion. The corrosion rate (CR) and percentage inhibition efficiency (ηw 
(%)) were calculated using the following equations: 
          (1) 
                    (2) 
where Wo and Wi are the average weight of specimen before and after immersion, respectively, 
S is the surface area of the specimen, t is the immersion time, CR(o) and CR(i) are the corrosion rates in 
the absence and presence of the inhibitor, respectively. Obtained results are given in Table 1. It can be 
noticed, that the CR decreases and the ηw (%) increases with increasing concentration of each 
compound. This may be due to the increase of the adsorption and hence increasing the surface 
coverage of the inhibitors on the copper surface with increasing inhibitors concentration [18]. At the 
highest concentration (10.0 x 10
-6
 mol dm
-3
) both thiazole derivatives exhibit maximum inhibition 
efficiency, and the inhibition performance follows the order of TEBOT > MFDT. 
 
3.1.2. Potentiostatic polarization measurements  
 
 
Figure 2. Polarization curves for copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) containing various 
concentrations of inhibitors at 25 °C. 
 
In order to investigate the copper corrosion mechanism and effect of inhibitors concentration, 
potentiostatic polarization measurements were carried out in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) in 
the absence and presence of different concentrations of MFDT and TEBOT. For the copper corrosion 
in aerated acidic solutions at corrosion potential, the anodic reaction is the copper dissolution: 
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where adsCu  is adsorbed at the copper surface and does not diffuse into the bulk solution. The 
reaction Eq. (4) is controlled by diffusion of soluble Cu
2+ 
from the electrode surface to the bulk 
solution, which is generally the rate determining step [19].  The cathodic reaction is oxygen reduction: 
                                                               (5)                                                                                                                              
Polarization curves for the copper electrode in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) without 
and with different concentrations of MFDT and TEBOT at 25 °C are shown in Fig. 2.  
As it can be seen from Fig. 2, after addition of investigated thiazole derivatives to 0.1 mol dm
-3
 
Na2SO4 solution (pH 3) cathodic reaction was suppressed by the inhibitors to a greater extent than the 
anodic one. These results indicate that investigated compounds inhibit copper corrosion with 
predominant control of cathodic reaction.  
The values of the corrosion current density (jcorr) and the corrosion potential (Ecorr) obtained by 
Tafel extrapolation method, and percentage inhibition efficiency (η (%)) calculated by Eq. (6) are 
summarized in Table 1.  
     (6)                                                                                                                       
where jcorr(o) and jcorr(i) represent the corrosion current density in the uninhibited and inhibited 
solution, respectively.  
 
Table 1. Corrosion parameters obtained from chemical and electrochemical techniques,     
respectively, for copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) containing various 
concentrations of inhibitors at 25 °C.  
 
 Weight loss measurements Polarization measurements 
Inhibitor conc. 
(x 10
-6
 mol dm
-3
) 
CR 
(mg cm
-2 
d
-1
) 
ηw 
(%) 
Ecorr 
(mV) 
jcorr 
(µA cm-2) 
η 
(%) 
Blank 0.25 - -60 12.33 - 
MFDT      
1.0 0.22 12.00 -58 11.32 8.19 
3.0 0.20 20.00 -55 10.03 18.65 
5.0 0.18 28.00 -51 8.94 27.49 
7.0 0.16 36.00 -53 8.05 34.71 
10.0 0.13 48.00 -59 6.44 47.77 
TEBOT      
1.0 0.21 16.00 -57 10.62 13.87 
3.0 0.18 28.00 -47 8.67 29.68 
5.0 0.15 40.00 -39 7.31 40.71 
7.0 0.12 52.00 -41 6.33 48.66 
10.0 0.09 64.00 -54 4.63 62.45 
 
Inspection of Table 1 revels that the jcorr values decrease in the presence of MFDT and TEBOT. 
The decreases of the corresponding current densities with increasing the inhibitors concentration were 
the consequence of the inhibitors adsorption on the copper surface [20]. It is also observed from results 
given in Table 1, that η (%) increases with increasing concentration of inhibitors, reaching the highest 
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value at a maximum concentration of 10.0 x 10
-6
 mol dm
-3
 for both of them. The order of efficiency 
according to polarization date is: TEBOT > MFDT. These results are in good agreement with those 
obtained from weight loss measurements. The distinction in the inhibition efficiency obtained by two 
techniques is mainly due to the fact that chemical technique provides average corrosion rate, while 
electrochemical technique gives instantaneous corrosion rate [21].   
From Table 1 can find that the presence of inhibitors causes a minor change in Ecorr values 
compared to the value for the blank solution. If the displacement in Ecorr is more than 85 mV relating to 
the Ecorr for the blank, the inhibitor can be classified as a cathodic or as anodic type [22]. The 
maximum displacement in our study is 18 mV and 21 mV, for MFDT and TEBOT, respectively, which 
suggest that inhibitors act as mixed type.  
Good performance of thiazole derivatives as corrosion inhibitors for copper in 0.1 mol dm
-3
 
Na2SO4 solution (pH 3) may be due to the presence of hetero-atoms, as well as those with conjugated 
double bonds or aromatic rings in their structures. To obtain better understanding of inhibition 
mechanism of MFDT and TEBOT, kinetic and thermodynamic studies were carried out. 
 
3.2. Effect of temperature 
The rise of temperature has an influence on the interaction between the copper electrode and 
the acidic solution in the absence and presence of inhibitors. Some of the polarization curves for 
copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) with 1.0 x 10
-6
 mol dm
-3
 of MFDT and TEBOT in the 
temperature range 15–45 °C are given in Fig. 3.  
 
 
Figure 3. Effect of temperature on the polarization curves in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) 
containing 1.0 x 10
-6
 mol dm
-3
 of inhibitors. 
 
Table 2 and Table 3 show electrochemical parameters such as jcorr and Ecorr calculated from 
Tafel plots. Values of η (%) and the degree of surface coverage (θ) for copper are also shown in these 
tables. The θ values were calculated from the following equation: 
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          (7) 
As it can be seen from Table 2 and Table 3, the jcorr values increase with increasing temperature 
in the absence and presence of inhibitors, but this increase is more pronounced in the absence of 
inhibitors. These results suggest that MFDT and TEBOT act as efficient inhibitors in the studied 
temperature range. Table 2 and Table 3 also show that the η (%) values for MFDT and TEBOT 
increase with increasing temperature. Thus, the studied inhibitors efficiencies are temperature 
dependent. This increasing efficiency with increase in temperature can be described on the bases that 
adsorption and desorption of inhibitors molecules continuously occur at the metal surface and with 
increase of temperature the equilibrium between these two opposite process is shifted towards 
adsorption of the inhibitors molecules at the copper surface [23]. Such result also suggests that the 
adsorbed inhibitors are chemisorbed on the copper surface [24].  
 
Table 2. Corrosion parameters obtained from polarization measurements for copper in 0.1 mol dm
-3
 
Na2SO4 solution (pH 3) containing different concentrations of MFDT at various temperatures. 
 
Temperature 
(°C) 
Inhibitor conc. 
(x 10
-6
 mol dm
-3
) 
Ecorr 
(mV vs. SCE) 
jcorr 
(µA cm-2) 
η 
(%) 
θ 
15 Blank -62 6.47 - - 
 1.0 -56 6.08 6.03 0.0603 
 3.0 -52 5.50 14.99 0.1499 
 5.0 -50 5.02 22.41 0.2241 
 7.0 -43 4.57 29.37 0.2937 
 10.0 -42 4.01 38.02 0.3802 
25 Blank -60 12.33 - - 
 1.0 -64 11.32 8.19 0.0819 
 3.0 -55 10.03 18.65 0.1865 
 5.0 -51 8.94 27.49 0.2749 
 7.0 -50 8.04 34.71 0.3471 
 10.0 -59 6.44 47.77 0.4777 
35 Blank -45 28.54 - - 
 1.0 -37 25.10 12.05 0.1205 
 3.0 -36 20.81 27.08 0.2708 
 5.0 -31 17.86 37.42 0.3742 
 7.0 -30 15.46 45.83 0.4583 
 10.0 -25 11.46 59.85 0.5985 
45 Blank -46 54.83 - - 
 1.0 -43 44.64 18.58 0.1858 
 3.0 -41 33.97 38.04 0.3804 
 5.0 -39 27.87 49.17 0.4917 
 7.0 -44 22.82 58.38 0.5838 
 10.0 -61 15.86 71.07 0.7107 
 
The relationship between temperature and the rate of corrosion reaction is often expressed by 
the Arrhenius equation: 
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where jcorr is the corrosion current density, that is directly proportional to the corrosion rate of 
copper in acidic media, A is the Arrhenius pre-exponential factor, Ea is the apparent activation energy, 
R is the universal gas constant, T is the absolute temperature. A plot of ln jcorr versus 1/T gives a 
straight line with a slope of (−Ea/R) and an intercept of ln A. Arrhenius plots for the blank and different 
concentrations of TEBOT are given in Fig. 4. Similar plots for MFDT were obtained and not shown.  
 
Table 3. Corrosion parameters obtained from polarization measurements for copper in 0.1 mol dm
-3
 
Na2SO4 solution (pH 3) containing different concentrations of TEBOT at various temperatures. 
 
Temperature 
(°C) 
Inhibitor conc. 
(x 10
-6
 mol dm
-3
) 
Ecorr 
(mV vs. SCE) 
jcorr 
(µA cm-2) 
η 
(%) 
θ 
15 Blank -62 6.47 - - 
 1.0 -47 5.89 8.96 0.0896 
 3.0 -39 5.04 22.10 0.2210 
 5.0 -30 4.48 30.76 0.3076 
 7.0 -32 3.98 38.49 0.3849 
 10.0 -40 3.30 49.00 0.4900 
25 Blank -60 12.33 - - 
 1.0 -57 10.62 13.87 0.1387 
 3.0 -47 8.67 29.68 0.2968 
 5.0 -39 7.31 40.71 0.4071 
 7.0 -41 6.33 48.66 0.4866 
 10.0 -54 4.63 62.45 0.6245 
35 Blank -45 28.54 - - 
 1.0 -49 23.24 18.57 0.1857 
 3.0 -48 17.56 38.47 0.3847 
 5.0 -44 14.07 50.70 0.5070 
 7.0 -44 11.73 58.90 0.5890 
 10.0 -41 8.23 71.16 0.7116 
45 Blank -46 54.83 - - 
 1.0 -55 40.86 25.48 0.2548 
 3.0 -45 27.87 49.17 0.4917 
 5.0 -48 21.34 61.08 0.6108 
 7.0 -46 17.05 68.90 0.6890 
 10.0 -52 11.96 78.19 0.7819 
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Figure 4. Arrhenius plots of ln jcorr vs. 1/T in the absence and presence of different concentrations of 
TEBOT. 
 
Values of Ea and A for copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) without and with various 
concentrations of MFDT and TEBOT are shown in Table 4.  
Inspection of results in Table 4 shows that values of Ea obtained in the presence of both the 
inhibitors are lower than that obtained in the inhibitor free solution and decrease uniformly with the 
increase of inhibitors concentration. This reduction of the activation energy in the presence of thiazole 
derivatives is attributed to the chemisorption of the inhibitors molecules on the metal surface [25,26]. 
Table 4 also shows that the variance in A is similar to that in Ea. It is clear from Eq. (8) that the higher 
Ea and the lower A lead to lower jcorr. So in the present study, the decrease in jcorr is determined by the 
decrease of A.  
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Figure 5. Transition state plots of ln (jcorr/T) vs. 1/T in the absence and presence of different   
concentrations of TEBOT. 
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The enthalpy of activation ( oaΔH ) and the entropy of activation (
o
aΔS ) were obtained from the 
transition-state equation [27]: 
       (9)                                                                                                             
where N is the Avogadro's number, h is the Planck's constant. A plot of ln (jcorr/T) against 1/T 
should give a straight line with a slope of (− oaΔH /R) and an intercept of [(ln (R/Nh)) + (
o
aΔS /R)]. 
Transition state plots for the blank and various concentrations of TEBOT are presented in Fig. 5. 
Analogous plots in the case of MFDT were obtained and not shown. 
Obtained corrosion kinetic parameters for copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) 
without and with various concentrations of MFDT and TEBOT are listed in Table 4.  
As it can be seen from Table 4, the oaΔH  values are lower in the presence than in the absence 
of thiazole derivatives and decrease constantly with the increase of inhibitors concentration. The 
positive sign of oaΔH  values meaning the dissolution of copper is difficult in 0.1 mol dm
-3
 Na2SO4 
solution (pH 3) [28]. Values of  oaΔS  are large and negative without and with inhibitors and increase 
negatively with increasing inhibitors concentration. This implies that the activated complex in the rate 
determining step represents an association rather than a dissociation step, indicating that a decrease in 
disordering takes place on going from reactants to the activated complex [29].  
 
Table 4. Corrosion kinetic parameters for copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) in the 
absence and presence of different concentration of inhibitors.  
 
Inhibitor conc. 
 
(x 10
-6
 mol dm
-3
) 
Ea 
(kJ mol
-1
) 
A 
(µA cm-2) 
  
(kJ mol
-1
) 
  
(J mol
-1
 K
-1
) 
Blank 54.65 5.67 x 10
10
 52.38 -47.56 
MFDT     
1.0 51.09 1.22 x 10
10
 48.83 -60.28 
3.0 47.01 2.02 x 10
9
 44.29 -76.68 
5.0 44.22 5.72 x 10
8
 41.72 -86.34 
7.0 41.42 1.64 x 10
8
 38.92 -96.68 
10.0 35.45 1.17 x 10
7
 32.88 -118.79 
TEBOT     
1.0 49.96 7.25 x 10
9
 47.39 -65.54 
3.0 44.14 5.51 x 10
8
 41.87 -85.92 
5.0 40.29 9.70 x 10
7
 37.79 -101.03 
7.0 37.72 2.95 x 10
7
 34.99 -111.67 
10.0 33.63 4.25 x 10
6
 31.06 -127.15 
 
3.3. Adsorption isotherm and thermodynamic parameters 
Values of θ obtained from polarization measurements, that corresponding to different 
concentrations of MFDT and TEBOT in the 15–45 °C temperature range (Table 2 and Table 3), were 
used to choose the best isotherm to determine the adsorption process.  An efficient organic inhibitor 
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possesses the ability to be adsorbed at metal/solution interface by a substitution adsorption process as 
follow [30]: 
                               (10) 
where Org(sol) and Org(ads) are the organic molecules in the solution and adsorbed on the metal 
surface, respectively, H2O(ads) is the water molecules on the metal surface, X is the size ratio 
representing the number of water molecules substituted by one molecule of organic inhibitor. In order 
to determine the best fit between experimental results and isotherm functions, the mostly used 
adsorption isotherms such as Langmuir, Frumkin, Temkin and Bockris-Swinkels were tested. To 
choose isotherm that correlate with experimental date the best the correlation coefficient (R
2
) was used. 
In the range of temperature studied (15–45 °C) the best description of the adsorption behavior of 
investigated thiazole derivatives was obtained using Bockris-Swinkels adsorption isotherm [31]: 
                                                          (11) 
that is: f (θ) = KadsC, where Kads is the equilibrium constant of the adsorption process, C is the 
inhibitor concentration. According to this isotherm a plot of the logarithm of the LHS of Eq. (11), f (θ), 
against logarithm of C should give a straight line with a slope of unity. For all the plots, straight lines 
were obtained with slopes close to 1.000 (Table 5) only when using a value of X = 1. This value means 
that one molecule of inhibitor adsorbed on metal surface replaces one water molecule. Fig. 6 shows 
such plots at different temperatures. All R
2 
are up to 0.999 (listed in Table 5) indicating that Bockris-
Swinkels adsorption isotherm fit well experimental date. 
  
Figure 6. Bockris-Swinkels adsorption isotherm of inhibitors on copper surface in 0.1 mol dm
-3
 
Na2SO4 solution (pH 3) at different temperatures. 
 
From the intercepts of the straight lines the values of Kads were calculated and given in Table 5. 
As can be seen, the Kads values increase with the temperature for both the studied inhibitors, meaning 
that elevated temperature facilitates the adsorption of inhibitors. Generally, large value of Kads implies 
strong adsorption of the inhibitor on the metal surface and hence better inhibition performance [32]. At 
a given temperature values of Kads follow the order: TEBOT > MFDT, and so is with the efficiency.  
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Table 5. Thermodynamic parameters for the adsorption of inhibitors on the copper surface in 0.1 mol 
dm
-3
 Na2SO4 solution (pH 3) at different temperatures. 
 
Temperature 
(°C) 
Slope R
2
 Kads 
(x 10
5 
dm
3
 mol
-1
) 
 
(kJ mol
-1
) 
 
(kJ mol
-1
) 
 
(J mol
-1
 K
-1
) 
MFDT       
15 0.971 0.999 0.42 -35.12 40.29 261.84 
25 0.982 0.994 0.65 -37.41 40.29 260.74 
35 0.996 0.995 1.24 -40.31 40.29 261.69 
45 0.995 0.994 2.01 -42.90 40.29 261.60 
TEBOT       
15 0.975 0.999 0.68 -36.28 40.97 268.23 
25 0.976 0.994 1.10 -38.70 40.97 267.35 
35 1.000 0.996 2.18 -41.76 40.97 268.60 
45 1.000 0.998 3.31 -44.22 40.97 267.89 
 
The Kads is related to the standard free energy of adsorption (
o
adsΔG ) according to: 
                                                                   (12) 
where the value of 55.5 is the concentration of water in solution in mol dm
-3
. The calculated 
values of oadsΔG  are shown in Table 5.  
Large negative values of oadsΔG  are consistent with the spontaneity of the adsorption process 
and the stability of the adsorbed layer on the metal surface [33]. The oadsΔG  values up to  -20 kJ mol
-1
 
or higher are related to the electrostatic interaction between the charged molecules and the charged 
metal surface (physisorption), while those more negative than -40 kJ mol
-1
 involve sharing or transfer 
of electrons from the inhibitor molecules to the metal surface to form a coordinate type of bond 
(chemisorption) [34]. In the present work, the values of oadsΔG  are ranging between -35.12 and -42.90 
kJ mol
-1
 for the adsorption of MFDT, and from -36.28 to -44.22 kJ mol
-1
 for the adsorption of TEBOT, 
indicating that the adsorption mechanism of investigated compounds on the copper at the studied 
temperatures is a mixed type involving two types of interactions physisorption and chemisorption. The 
adsorption of an organic molecule is not considered only as a physical or as chemical adsorption 
process [35]. However, temperature dependence of inhibition efficiency, as well as the reduction of the 
activation energy in the presence of additives suggest that adsorption of MFDT and TEBOT is mainly 
the chemisorption [36], accompanied by the physisorption. The oadsΔG  values for both the thiazole 
derivatives increase negatively with temperature, further demonstrating that inhibitors at higher 
temperatures exhibit the stronger tendency to be adsorbed on copper surface. Absolute values of oadsΔG  
of the investigated compounds are in the order of TEBOT > MFDT. This is in good agreement with the 
range of the inhibition efficiency values obtained from both chemical and electrochemical techniques.   
Thermodynamically, oadsΔG  is related to the standard enthalpy and entropy of the adsorption 
process, oadsΔH  and 
o
adsΔS , respectively, through the thermodynamic basic equation: 
                                                                  (13) 
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The oadsΔH  values were calculated using the Van't Hoff equation [37]: 
                                                            (14) 
Fig. 7 shows a plots of ln Kads versus 1/T and slope of these straight lines is (−
o
adsΔH /R).  
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Figure 7. Van't Hoff plots for inhibitors adsorbed on copper surface in 0.1 mol dm
-3
 Na2SO4 solution 
(pH 3). 
 
Then, values of oadsΔS  were obtained by an alternative formulation of the Eq. (13): 
                                                                           (15) 
All obtained standard thermodynamic parameters are given in Table 5.  
Positive values of oadsΔH  indicate that the adsorption of inhibitors is an endothermic process. 
Endothermic adsorption process corresponds to chemisorption [38], which further confirms that 
adsorption of thiazole derivatives is complex in nature and predominantly chemisorption. Table 5 
shows that the oadsΔS  values are large and positive. The thermodynamic values obtained are the 
algebraic sum of the adsorption of organic molecules and desorption of water molecules, since in this 
situation the adsorption of organic inhibitor is accompanied by desorption of water molecules [39]. 
Therefore, the positive values of oadsΔS  are attributed to the increase in the solvent entropy and to more 
positive water desorption entropy [40]. The positive sign of the oadsΔS  values also means that an 
increase in disordering takes place on going from reactants to the metal-adsorbed species reaction 
complex [41,42], which is the driving force for the adsorption of inhibitor on copper surface [42]. 
Values of oadsΔH  and 
o
adsΔS  are also calculated from Eq. (13). A plot of 
o
adsΔG  versus T gives 
straight lines as shown in Fig. 8.  
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Figure 8. Variation of oadsΔG  with T for copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) containing 
inhibitors. 
 
The slope of the straight lines is − oadsΔS , and the intercept is 
o
adsΔH . Calculated 
o
adsΔH  values of 
40.57 and 41.21 kJ mol
-1
 for MFDT and TEBOT, respectively, are very close to that obtained using the 
Van't Hoff equation. Moreover, the deduced oadsΔS  values of 262.40 and 268.80 J mol
-1
 K
-1
 for MFDT 
and TEBOT, respectively, are very close to that obtained in Table 5. Values of thermodynamic 
parameters obtained by two methods are in good agreement.  
 
3.4. Adsorption mechanism and inhibitor structure 
The mechanism of the inhibition process of the corrosion inhibitors under consideration is 
mainly the adsorption one. The process of adsorption is influenced by the nature and charge surface of 
the metal, the type of aggressive electrolyte, the chemical structure of the inhibitor and the distribution 
of charge over the whole inhibitor molecule [43].  
The adsorption of tested compounds can be attributed to the presence of hetero atoms (O, N 
and S), carbonyl, >C=S, -CH=C< group and aromatic rings (furan and benzene). Therefore, the 
possible reaction centres are unshared electron pairs of hetero atoms and π-electrons of carbonyl, 
>C=S, -CH=C< group and aromatic rings (furan and benzene).  
Generally, owing to the complex nature of adsorption and inhibition of a given inhibitors, it is 
impossible for single adsorption mode between inhibitors and metal surface. The adsorption and 
inhibition effect of MFDT and TEBOT in 0.1 mol dm
-3
 Na2SO4 solution (pH 3) can be explained as 
follows. Both thiazole derivatives might be protonated in the acidic solution as: 
                                                          (16)                                                                                                 
                                                      (17)                                                                                            
Thus, in aqueous acidic solutions, investigated compounds exist either as neutral molecules or 
cations.  
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In general, two modes of adsorption could be considered. According to results of temperature 
dependence of inhibition efficiency, and obtained kinetic (Ea) and thermodynamic parameters (
o
adsΔG , 
o
adsΔH ), the neutral MFDT and TEBOT molecules may be adsorbed on the copper surface through the 
chemisorption mechanism, involving the displacement of water molecules from the metal surface and 
the sharing electrons between the hetero atoms and copper. The inhibitor molecules can be also 
adsorbed on the copper surface on the bases of donor-acceptor interactions between π-electrons and 
vacant d-orbitals of metal. On the other hand, the values of oadsΔG  indicate the contribution of physical 
adsorption. It is thought that the copper surface bears positive charge in acidic environment [44]. Thus, 
because of the electrostatic repulsion, it is difficult for the protonated [MFDTHx]
x+
 and [TEBOTHx]
x+
 
to approach the positively charged metal surface. The protonated organic inhibitors can be adsorbed on 
the copper surface via SO4
2- 
ions, which form the interconnecting bridges between the positively 
charged metal surface and the protonated molecules [45].  
As already mentioned earlier, the inhibition efficiency of examined thiazole derivatives follow 
the order: TEBOT > MFDT. The performance of the studied inhibitors depends on the electron 
donating properties of the substituent, -CH3 and -OC2H5 in the MFDT and TEBOT, respectively. The 
presence of electron donating groups, -CH3 and -OC2H5, increases the electron density of furan ring in 
the MFDT and benzene ring in the TEBOT, respectively, and leading to easier electron transfer from 
the functional groups (furan and benzene) to the metal, resulting in high inhibition efficiency. Ethoxy 
group is better electron donor than methyl group, hence TEBOT shows better performance as 
corrosion inhibitor in comparison with MFDT. Apart from that, TEBOT exhibits better efficiency than 
MFDT because of the deeper interaction caused by the presence of one more S atom, instead of O 
atom detected in the MFDT, since η (%) increases in the order O < S. Moreover, better performance of 
TEBOT can be attributed  to its higher molecular weight (265 g mol
-1
) compared with MFDT (209 g 
mol
-1
), so TEBOT covers larger area of copper than MFDT. 
 
 
 
4. CONCLUSIONS 
1. Both investigated thiazole derivatives, MFDT and TEBOT, inhibit the corrosion of 
copper in 0.1 mol dm
-3
 Na2SO4 solution (pH 3). Inhibition efficiency increases with increasing the 
concentration of inhibitors and follows the order: TEBOT > MFDT. 
2. The inhibition behavior obtained from weight loss measurements show the same trend 
as noticed in the potentiostatic polarization measurements.   
3. Based on the values of Ecorr  obtained from polarization curves both MFDT and TEBOT 
behave as mixed type inhibitors, but marked decrease in the cathodic current density in the presence of 
inhibitors suggests that this compounds act as predominantly cathodic type inhibitors in 0.1 mol dm
-3
 
Na2SO4 solution (pH 3).  
4. Inhibition efficiency also increases with temperature, which leads to decrease of 
activation corrosion energy.  
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5. The adsorption of either MFDT or TEBOT obeys Bockris-Swinkels adsorption isotherm 
(X = 1). The adsorption process is an endothermic process accompanied by an increase in entropy.  
6. The trend of inhibition efficiency with temperature and the parameters of apparent 
activation energy, standard free energy of adsorption and standard enthalpy of the adsorption process 
indicate that the adsorption is mainly the chemisorption.  
7. The better inhibition efficiency of TEBOT than MFDT could be explained inhibitors 
structure. 
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